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Apparatus for forming variable fluid meniscus configurations 



Field of the Present Invention 

The present invention relates to apparatus for forming variable fluid meniscus 
configurations. 

5 Background 

A variable meniscus is described in International patent publication WO 
99/18456. In this arrangement, the lens comprises a chamber filled with a conductive liquid, 
a droplet of an insulating, non-miscible liquid being held in a surface zone of the chamber 
wall. The droplet is positioned in the zone by means of a combination of a hydrophobic layer 

10 and an adjacent hydrophilic layer. Application of a voltage to electrodes in the chamber 

causes the lensing upper surface of the droplet to become more convex. In one embodiment, 
the hydrophobic and hydrophilic layers are arranged along a cylindrical surface, the sides of 
the droplet being positioned axially along the cylindrical surface, and thereby centred, by the 
hydrophilic layer when no voltage is applied and by a series of axially-spaced electrodes 

15 along the sides of the cylinder when a voltage is applied. 

A further variable meniscus having such an arrangement is described in 
International patent publication WO 00/58763. The proposed means for centring a droplet of 
insulating liquid is a bell-mouthed recess formed of an insulating layer in an adjustable lens. 
The sides of the recess are arranged so as to keep the droplet centred within the recess and to 

20 provide a convex lensing surface on the droplet. Since the base of the recess is formed of the 
same material as the sides of the recess, such material must be chosen to be transparent if the 
lens is to be operative. 

Summary of the Invention 
25 It is an object of the present invention to provide improvements to variable 

menisci such as the prior art arrangements described above. 

In accordance with one aspect of the present invention, there is provided 
apparatus for providing a fluid meniscus with variable configurations by means of 
electrowetting, the apparatus comprising: 
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a fluid chamber, 

at least two different fluids separated by a meniscus of which the edge, having 
different sides, is constrained by the fluid chamber; 

a first electrowetting electrode; and a second electrowetting electrode; 
5 the first electrowetting electrode being arranged to act on a first side of the 

meniscus edge and the second electrowetting electrode arranged to act separately on a second 
side of the meniscus edge, 

a voltage control system for providing a different voltage to said first and 
second electrowetting electrodes respectively to form a selected meniscus configuration. 
1 0 The apparatus of this aspect of the present invention enables a range of fluid 

meniscus configurations to be formed in a variable, controllable manner. Such meniscus 
configurations include flat shapes and anamorphic lens shapes capable of the precise 
refractive or reflective angular deflection of light in up to three dimensions. The meniscus 
configurations can be formed accurately and efficiently under the application of variable 
15 voltage patterns applied across the configuration of electrodes and a common electrode. 

Other types of meniscus lens configurations, for example approximately spherical lens shapes 
and more complex lens shapes may also be formed using the same apparatus, and different 
types of voltage patterns. 

In accordance with a further aspect of the invention, there is provided 
20 apparatus comprising an image sensor for the recording of an image scene, a variable fluid 
meniscus and a controller adapted to alter the shape of the meniscus to provide at least: 

a first configuration of the variable fluid meniscus, said first configuration for 
directing a first region of the image scene to be recorded towards said sensor; and 
a second configuration of the variable fluid meniscus, said second 
25 configuration for directing a second, different, region of the image scene to be recorded 
towards said sensor. 

The apparatus of this aspect of the invention allows high resolution digital 
images of a target image scene to be recorded without the need for a high resolution sensor. 
Current image recording methods include the use of expensive and complex imaging sensors. 
30 This aspect of the present invention provides new means for the efficient and simple 
recording of a high resolution digital image of a target image scene using variable fluid 
meniscus apparatus. 

Additionally, this image scene recording technique provides advantages over 
known superresolution methods for digital imaging. These include the possibility for 
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effective image improvement algorithms to be applied only once to the recorded image scene, 
the individual image regions being seamed together. Also, as the individual image regions are 
well imaged, and the applied seaming technique to obtain the overall recorded image can be a 
relatively simple image processing step. 
5 According to a further aspect of the invention there is provided apparatus for providing fluid 
menisci with variable configurations by means of electrowetting, the apparatus comprising: 

a set of fluids forming a first fluid meniscus and a second fluid meniscus 
between respective different fluids, each fluid meniscus having a variable configuration; 

a set of electrodes arranged to act on the set of fluids by electrowetting to vary 
10 the configurations of the first and second fluid menisci; and 

a voltage control system for providing selected voltages to said set of 
electrodes to form said first and second fluid menisci into selected configurations. 

By forming the two different menisci into selected configurations, the 
apparatus can be used to modify the wavefront of a radiation beam in two steps, a first such 
1 5 modification being provided by passage of the radiation beam across the first meniscus and a 
second such modification being provided by passage of the radiation beam across the second 
meniscus. In one embodiment, the set of fluids is contained in a single fluid chamber; in this 
embodiment one of the fluids preferably forms a central common fluid component located 
between the first and second menisci. The set of fluids may comprise for instance water, oil 
20 and water, forming a first fluid meniscus between water and oil and a second fluid meniscus 
between oil and water. 

hi another embodiment, the set of fluids is arranged two fluid chambers, each 
containing one of the first and second menisci. In one embodiment the electrodes are 
arranged such that the configurations of the first and second menisci are independently 
25 controllable; in a further embodiment the electrodes are arranged such that the configurations 
of the first and second menisci are controllable in dependence on each other. 

Features and advantages of the invention will become apparent from the 
following description of preferred embodiments of the invention, given by way of example 
only and made with reference to the accompanying drawings. 

30 

Brief Description of Drawings 

Figures 1 to 3 show a simplified side view cross-section of variable 
anamorphic lens shape apparatus in various focusing stages in accordance with an 
embodiment of the present invention; 
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Figure 4 shows a top view cross-section of an electrode configuration for use 
in the variable anamorphic lens shape apparatus in accordance with an embodiment of the 
present invention; 

Figure 5 shows an alternative electrode configuration for use in the variable. 
5 anamorphic lens shape apparatus according to an embodiment of the invention; 

Figure 6 shows a further alternative electrode configuration for use in a 
variable anamorphic lens shape apparatus according to an embodiment of the invention; 

Figure 7 shows a graphical representation of applied voltage across an 
electrode configuration according to an embodiment of the invention; 
1 0 Figures 8 to 1 0 show simplified side view cross-sections of fluid meniscus 

apparatus suitable for refractive light deflection, in accordance with embodiments of the 
present invention; 

Figure 1 1 shows a simplified side view cross-section of fluid meniscus 
apparatus suitable for reflective light deflection, in accordance with the present invention; 
15 and 

Figure 12 shows a cross-section side view of fluid meniscus apparatus capable 
of deflecting and focusing a light beam in accordance with an embodiment of the present 
invention. 

20 Detailed Description of Preferred Embodiments 

Figures 1 to 3 are schematic side view cross-sections which show apparatus 
for forming variable anamorphic meniscus lens shapes according to an embodiment of the 
present invention. The apparatus in this embodiment is a variable focus anamorphic meniscus 
lens comprising a cylindrical arrangement of a plurality of electrowetting electrodes, referred 

25 to as sidewaU segment electrodes arranged side by side and spaced about the optical axis 1 of 
a beam of light provided by a suitable light source 3, for example a semiconductor laser, 
although it should be noted that, in all of the following embodiments, the fight source may be 
replaced by for example an image scene if the apparatus is used for example in a camera. A 
description of the structure and function of the lens follows. 

30 Figure 4 shows a cross-section, taken perpendicular to the optical axis 1, of a 

configuration of a plurality of segment electrodes about the optical axis 1 of the lens in this 
embodiment. The sidewall segment electrodes are grouped in pairs illustrated by example 
with labels 2a and 2a', 2b and 2b', etc. Each member of a pair lies parallel to the other on the 
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opposite side of the optical axis 1. A voltage control circuit (not shown) is connected to the 
electrode configuration to apply varying voltage patterns to the segment electrodes 2. 

The arrangement of segment electrodes 2, along with a fluid contact layer 10, 
form a tube sealed by means of a front element 4 and a back element 6 to form a fluid 
5 chamber 5 containing two fluids. In this example, the front and back elements, 4 and 6 
respectively, are transparent. 

In this embodiment the two fluids consist of two non-miscible liquids in the 
form of a non-conducting non-polar first liquid A, such as a silicone oil or an alkane, and an 
electrically conducting polar second liquid B, such as an aqueous salt solution. The two 
10 liquids are preferably arranged to have an equal density, so that the lens functions 

independently of orientation, i.e. without dependence on gravitational effects between the 
two liquids. This may be achieved by appropriate selection of the first and second liquid 
constituents. 

Depending on the choice of the oil used for liquid A, the refractive index of 

15 the oil may vary between 1.25 and 2.00. Likewise, when liquid B is an aqueous salt solution 
the refractive index may vary between 1.33 and 1.60 depending on the amount of salt added. 
It should be noted that a higher refractive index can be achieved using alternative conductive 
liquids, e.g. ethylene glycol. The fluids in this embodiment are selected such that the first 
liquid A has a higher refractive index than the second liquid B. 

20 The sidewall segment electrodes are formed from a conductive material, for 

example metal, and coated by an insulating layer 8, formed for example of parylene. Each 
individual segment electrode is also insulated with respect to the adjacent electrodes. The 
cylindrical inner surface described by the arrangement of segment electrodes is coated with a 
continuous, uniform thickness, fluid contact layer 10, which reduces the hysteresis in the 

25 contact angle of the meniscus with the cylindrical wall of the fluid chamber. The fluid contact 
layer is preferably formed from an amorphous fluorocarbon such as insulating Teflon™ 
AF1600 produced by DuPont™. The wettability of the fluid contact layer by the second fluid 
is substantially equal on both sides of the intersection of the meniscus 14 with the fluid 
contact layer 10 when no voltage is applied. Alternatively, the insulating layer and the fluid 

30 contact layer may simply comprise a single continuous and uniform thickness layer of Teflon 
AF1600. 

A common endwall electrode 12, in this example of an annular shape, is 
arranged at one end of the fluid chamber, in this case, adjacent the back element. The endwall 
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electrode 12 is arranged with at least one part in the fluid chamber such that the electrode acts 
on the second fluid B. 

The two liquids A and B in this embodiment are non-miscible liquids so as to 
tend to separate into two fluid bodies separated by a meniscus 14. The meniscus 14 has one 
continuous edge lying in contact with the fluid contact layer 10. When no voltage is applied 
between the sidewall and endwall electrodes, the fluid contact layer has a higher wettability 
with respect to the first liquid A than the second liquid B. Due to electrowetting, the 
wettability by the second liquid B varies under the application of a voltage between a 
sidewall segment electrode 2 and the endwall electrode 12, which tends to change the contact 
angle of the meniscus at its edge (the line of contact between the fluid contact layer 10 and 
the two liquids A and B). The shape of the meniscus is thus variable in dependence on the 
applied voltage at each segment electrode 2. 

Figures 1 to 3 are illustrations of the case where the sidewall segment 
electrodes 2 are driven in parallel with the same applied voltages, such that the meniscus 
adopts various different rotationally symmetric approximately spherical lens shapes. Later, it 
will be described how the application of different voltage levels to the different electrodes in 
controlled patterns is used to generate variable anamorpbic lens shapes. 

Referring now to Figure 1, when a low voltage V|, e.g. between 0 V and 20 V, 
is applied between the sidewall segment electrodes 2 and the endwall electrode, the meniscus 
adopts a first concave meniscus shape. In this configuration, the initial contact angle 6 X 
between the meniscus and the fluid contact layer 10, measured in the liquid B, is for example 
approximately 140°. Due to the higher refractive index of the first liquid A than the second 
liquid B, the lens formed by the meniscus, here called meniscus lens, has a relatively high 
negative power in this configuration. 

To reduce the concavity of the meniscus shape, a higher magnitude of voltage 
is applied between the sidewall segment electrodes 2 and the endwall electrode 12. Referring 
now to Figure 2, when an intermediate voltage V 2 , e.g. between 20 V and 150 V, depending 
on the thickness of the insulating layer, is applied between the electrodes the meniscus adopts 
a second concave meniscus shape having a radius of curvature increased in comparison with 
the meniscus in Figure 1. In this configuration, the intermediate contact angle 6 2 between the 
first liquid A and the fluid contact layer 10 is for example approximately 100°. Due to the 
higher refractive index of the first liquid A than the second liquid B, the meniscus lens in this 
configuration has a relatively low negative power. 
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To produce a convex meniscus shape, a yet higher magnitude of voltage is 
applied between the sidewall segment electrodes 2 and the endwall electrode 12. Referring 
now to Figure 3, when a relatively high voltage V 3 , e.g. 150 V to 200 V, is applied between 
the electrodes the meniscus adopts a meniscus shape in which the meniscus is convex. In this 
5 configuration, the maximum contact angle 03 between the first liquid A and the fluid contact 
layer 10 is for example approximately 60°. Due to the higher refractive index of the first fluid 
A than the second liquid B, the meniscus lens in this configuration has a positive power. 

Thus, through variation of the applied voltage, various different approximately 
spherical meniscus lens shapes can be generated in the plane of one sidewall segment 
10 electrode pair. 

An anamorphic lens has in general at least one non-rotationally symmetric 
surface. Such a lens has generally different optical properties for light rays in two 
perpendicular planes, the planes crossing at the optical axis of the lens. An anamorphic lens 
will have different focal power for light rays in each of the planes, in which case incident 

15 light may be converged into two focal lines, which are generally orthogonal, perpendicular to 
the optical axis and axially separated. These focal properties characterize the optical 
condition 'astigmatism*. Anamoiphic lens shapes include those of an approximately 
cylindrical and approximately sphero-cylindrical nature. 

By applying individual and different voltages across each sidewall segment 

20 electrode pair 2a and 2a\ 2b and 2b\ etc. and the endwall electrode 12, anamorphic meniscus 
lens shapes can be formed of variable focal powers and/or variable amounts and types of 
astigmatism. The applied voltages vary gradually between sidewall segment electrodes in the 
direction of the meniscus lens circumference. The average applied voltage is related to the 
focal power whilst the largest voltage variation is related to the cylindrical value. 

25 Figure 7 shows a graphical representation of relative values of voltages in 

patterns of voltages applied to produce anamorphic lens shapes. Any relative value of voltage 
applied at an electrode can be determined by taking the radial distance between the two lines 
64, 66 at the appropriate angular position corresponding to the angular location of the centre 
of the electrode about the optical axis 65. In the following, the angular positions corresponds 

30 the position about the circumference of the arrangement of segment electrodes described 
using Figure 5a. The graphical representation shows a plot on perpendicular axes of this 
variation of voltages corresponding to a cross-sectional view perpendicular to an optical axis 
of the fluid meniscus lens. The graphical representation shows a first axis 60 and a second 
axis 62, arranged perpendicular to each other. The first axis 60 corresponds to a cylindrical 
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axis of the meniscus shape. The circular circumferential line 64 is used to represent all the 
possible locations of the centres of the segment electrodes 30 (not shown in Figure 7) about 
the optical axis. Locations corresponding to the centres of two pairs of the rectangular 
segment electrodes, perpendicular to each other, are shown; 68 and 70 respectively, in this 
5 case lying along axes 60 and 62 respectively. 

Applied voltage line 66 shows relatively the applied value of voltage 
corresponding to a point on the circumferential line 64 of the electrode arrangement. In the 
representation, the radial distance between a point on the applied voltage line 66 and the 
corresponding point on the circumferential line 64 represents the relative applied voltage, the 
) common radial! hue lying at a specific angle from one of either axis 60 or 62. By way of ' 
example, this is illustrated in Figure 7 wherein label 72 shows the point on the applied 
voltage line 66 and label 74 shows the corresponding point on the circumferential line 64. 
Both of these points he along the common radial line 76 at angle B from, in this case, axis 62. 

The greater the radial distance between the point on the applied voltage line 66 
and the corresponding point on the circumferential line 64, the greater the relative applied 
voltage. For example, as Figure 6 shows, a relatively high voltage is applied across segment 
electrode pair represented by locations 70, whereas a relatively low voltage is applied across 
segment electrode pair represented by locations 68. The voltages applied across each 
respective intermediate segment electrode 30, arranged between a member of the segment 
electrode pair represented by locations 70 and a member of the segment electrode pair 
represented by locations 68, decreases gradually. 

Electronic rotation by appropriate means, for example a manually operated 
applied voltage controller, of the pattern of applied voltages between the pairs of sidewall 
segment electrodes and the endwall electrode enables the correct angular position of the 
cylindrical axis of the anamorphic lens to be obtained. 

In tins embodiment the width of each segment electrode is less than half, 
preferably less than one eighth, of the internal diameter of the cylindrical arrangement of 
electrodes. This involves the use of sufficient segment electrodes, preferably sixteen or 
above, to reduce observation at the centre of the meniscus lens of significant effects caused 
by discrete steps of meniscus contact angle between the cylindrical walls of the fluid 
chamber. 

Figure 5, being a top view cross-section taken perpendicular to the optical axis 
of the lens, shows an alternative electrowetting electrode configuration for producing 
anamorphic meniscus lens shapes. Four rectangular segment electrodes 41, 42, 43, 44 are 
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spaced about the optical axis 45 of the lens in a square formation with their longitudinal 
edges parallel, thus forming a square enclosure. In this embodiment opposite segment 



electrodes 41 and 43 are arranged as a pair and 42 and 44 as a pair. The inner surface of the 
segment electrodes is covered with a continuous, uniform thickness, electrically insulating, 
5 fluid contact layer 46, formed for example of Teflon™ AF1600, which constrains the 
meniscus edge. 



configuration of segment electrodes shown in Figure 4 by the alternative construction of four 
segment electrodes, a voltage pattern can be applied between the sidewall segment electrodes 
10 and an endwall electrode similar to the annular electrode 12 in the first embodiment Through 
combination of different applied voltages for the segment electrode pairs, an anamorphic 
meniscus lens shape which is approximately cylindrical or spherocylindrical can be achieved 
with a different contact angle between each individual segment electrode wall and the 
meniscus lens. 

15 In this embodiment, a lens rotation mechanism is provided such that the 

cylindrical axis of the anamorphic meniscus lens can be automatically and mechanically 
rotated about the optical axis 45. This enables the variable anamorphic lens to be correctly 
positioned angularly. 



20 pattern of applied electrode voltages which may be applied in this embodiment In this 
particular embodiment the two pairs of segment electrodes (41 and 43, 42 and 44) of the 
configuration correspond in angular location to the figure labels 68 and 68% 70 and 70' 
respectively. 



25 of the lens, shows a further alternative electrowetting electrode configuration for producing 
anamorphic lens shapes. This electrode configuration is used to achieve lens shapes with 
reduced optical aberrations. 



embodiments of the present invention, the segment electrodes 52 in this embodiment are 
30 formed from a conductive material, for example a metal. The inner surface of the enclosure 
described by the arrangement of electrodes is covered with a continuous, uniform thickness, 
electrically insulating, fluid contact layer 58 formed for example of Teflon™ AF1600, which 
constrains the meniscus edge. The segment electrodes 52 are spaced about the optical axis 50 
with their longitudinal edges parallel to define an enclosure. In this example, individual 



Referring now to both Figures 1, 4 and 5 and with substitution of the 



Figure 7 as described in the previous embodiment illustrates an example of a 



Figure 6, being a top view cross-section taken perpendicular to the optical axis 



As in the previously described alternative electrode configurations of previous 
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segment electrodes 52 are arranged to form a cylindrical enclosure about the optical axis 50. 
The longitudinal edge of each individual electrode is connected to the parallel and adjacent 
longitudinal edge of the adjacent electrode by an electrically resistive film 56. It should be 
appreciated that the film 56 is less conductive than the electrodes 52. The width of each 
5 segment electrode 52 along the sidewall is preferably identical and smaller than the distance 
between two adjacent longitudinal edges of individual segment electrodes connected by the 
resistive film 56. 

Across the width of the resistive film 56 between adjacent electrodes there is a 
gradual change in voltage between the two applied voltages of the electrodes as opposed to a 
10 discrete change. As a result, the contact angle between the fluid meniscus and the fluid 

contact layer 58 gradually changes along the width of the resistive film 56. The contact angle 
remains constant across the width of the segment electrodes 52. However, the smaller width 
of the segment electrodes relative to the distance between the adjacent longitudinal edges of 
individual segment electrodes connected by the resistive film 56 helps to further reduce 
15 discontinuous variation of the contact angle along the edge of the fluid. These factors ensure 
that optical aberrations of the meniscus lens are reduced. 

Now referring to Figures 4 and 6 and with the substitution of the configuration 
of segment electrodes shown in Figure 4 by this alternative segment electrode configuration, 
the method of operation is largely similar to that described in the previously described 
20 alternative electrode configuration. 

Anamorphic meniscus lens shapes can be achieved by combinations of 
different applied voltages across pairs of opposite segment electrodes and the endwall 
electrode. 



25 



30 



Referring to Figure 7, as described in the previous two embodiments, the 
pattern of applied voltages across the segment electrodes may vary with angular spacing 
about the optical axis 50 as shown therein. The number of electrodes 52 may be any of four 
or more. Furthermore, the correct angular positioning of the anamorphic meniscus lens about 
the optical axis 50 can be achieved by rotation about the optical axis 50 of the pattern of 
applied voltages across the pairs of segment electrodes and the endwall electrode. 

Figure 8 shows a side view cross-section of a fluid meniscus configuration 
suitable for refractive light deflection in accordance with an embodiment of the present 
invention. This embodiment is similar in various respects to previous embodiments and 
elements similar to that described in relation to Figures 1, 2 and 3 are provided in Figure 8 
incremented by 100, and the previous description should be taken to apply here. The sidewall 
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segment electrodes 141 and 143 are similar to the electrodes 41 and 43 as illustrated in Figure 
5 and hence are also incremented by 100. In this embodiment a second pair of sidewall 
segment electrodes exists (not shown). The electrodes of this second electrode pair are 
similar to electrodes 42 and 44 of Figure 5 and are therefore numbered as 142 and 144. This 
5 second electrode pair, when viewed cross-sectionally, is positioned perpendicular to the first 
electrode pair 141 and 143 in a similar arrangement to that of electrode pairs 41, 43 and 42, 
44 illustrated in Figure 5. Previous descriptions of these electrodes should be taken to apply 
here. 

The applied voltage V 4 across the endwall electrode 1 12 and the sidewall 
10 electrode 141 results in the fluid contact angle 8 4 , for example 60°, between the liquid A and 
the fluid contact layer 110. Similarly, the applied voltage V5 across the endwall electrode 112 
and the sidewall electrode 143 results in the fluid contact angle 85. In this embodiment 
applied voltages V 4 , V 5 are selected such that the sum of the contact angles 0 4 and 0 5 equal 
180°. This condition results in a flat fluid meniscus 80 between the liquids A and B when the 
15 applied voltages across both sidewall electrodes 142 and 144 with the endwall electrode 
(herein referenced V6 and V 7 respectively) are substantially equal to each other and of an 
appropriate value such that the fluid contact angles d 6 and 0 7 are each 90°. 

An incoming light beam with a first optical axis 101 from the light source 103 
is deflected in one dimension, in a direction perpendicular to the sidewall electrodes 141 and 
20 143, by the flat fluid meniscus 80 to produce an existing light beam with a second optical 
axis 82. The first optical axis and the second optical axis are related to each other by the 
deflection angle <fr. The deflection angle <f>\ can be varied by variation of the applied 
electrode voltages V4, V5, provided that the sum of the contact angles 04 and #5 continues to 
equal 180°. 

25 By swapping the applied voltages V4 and V 5 with each other, a negative 

deflection angle of 4>\ is obtained between the second optical axis 82 from the first optical 
axis 101 in the same angular plane. By way of example, the smallest possible value of the 
fluid contact angle 0 1 is approximately 60°. When liquid A is a highly diffractive oil, for 
example a modified silicone oil, with a refractive index of 1 .60 and liquid B is water with a 

30 refractive index of 1.33, the maximum value of the deflection angle <j>\ is approximately 9°. 
This small angle enables precise deflection of the light beam to be obtained. Combined with a 
negative value of the deflection angle <j>\ of also approximately 9°, the total deflection angle 
<£r (not shown) equals approximately 18° for an incoming beam of light. 
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Furthermore in this embodiment, further one dimensional deflection of an 
incoming light beam in a plane perpendicular to that of the deflection angle 0, is achieved by 
controlling the applied voltages V 6 and V 7 across the endwall electrode 1 1 2 and sidewall 
electrodes 142 or 144 respectively (not shown) such that the sum of the corresponding fluid 
5 contact angles 6 6 and 6 7 (not shown) also equals 180°. Values of the applied voltages V 6 and 
V 7 are selected to be not equal to each other so that the fluid contact angles 6 6 and 0 7 do not 
equal 90-. By variation of the applied electrode voltages V 6 , V 7 , whilst mamtaining that the 
sum of e 6 and 0 7 equals 180°, an incoming beam of light with the first optical axis 101 can be 
deflected bythe second deflection angle<fc(not shown), lying in a plane perpendicular to the 
) deflechon angle Again, a negative value of the deflection angle <fc in the same angular 
plane can be achieved by swapping the applied voltages V 6 and V 7 with each other. 

By the selective variation of the two deflection angles * and & together the 
incoming light beam can be deflected in three dimensions, therefore. 

As for a previous embodiment, a rotation mechanism is provided such that the 

electrowetting electrodes may be rotated about the optical axis 101. This enables correct 
angular positioning of the fluid meniscus to be obtained. 

Figure 9 shows a side view cross-section of fluid meniscus configuration 
suitable for refractive light deflection in accordance with an embodiment of the present 
invention. This embodiment of the present invention enables a total deflection angle * of an 
mcoming light beam of approximately 38- to be achieved, a greater angle of total deflection 
than the previous embodiment. As for the previous embodiment, elements of this 
embodiment which are similar to those described in relation to Figures 1 , 2, 3 and 5 are 
provided in Figure 9 incremented by 200, and previous descriptions should be taken to apply 
here. In this embodiment a second endwall electrode 84 is provided, which is annular in 
shape and adjacent the front element 204. This second endwall electrode is arranged with at 
least one part in the fluid chamber such that the electrode acts upon a second fluid layer of 
liquid B, labelled B- in Figure 9. The second layer of liquid B (label B') is separated from the 
layer of liquid A by a first fluid meniscus 86. A second fluid meniscus 88 separates liquid 
layer A and B. The liquid B> comprises the same liquid as liquid B as described in previous 
embodiments. It should be noted however that liquid B' may be an alternative fluid which is 
non-miscible with liquid A, electrically conducting and preferably of a substantially equal 
density to liquids A and B. 

In this embodiment, two axially-spaced sets of electrowetting electrodes are 
spaced about the perimeter of the sidewall and arranged as shown in Figure 5. One set 
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includes electrodes 241a, 243a. The other set includes electrodes 241b, 243b. As according to 
the similar description of previous embodiments, variation of the applied voltages Vg and Vio 
across the second endwall electrode 84 and sidewall electrodes 241 or 243 respectively 
causes the corresponding fluid contact angles 6% and d\ 0 to vary. The first fluid meniscus 86 is 
5 flat when the sum of the fluid contact angles 9% and 0io equals 180°. Similarly, the shape of 
the second fluid meniscus 88 can be varied by variation of the applied voltages V9 and Vi 1 
across the first endwall electrode 206 and sidewall electrodes 241 and 243 respectively. The 
second meniscus 88 is flat when the sum of the fluid contact angles d 9 and 0u equals 1 80° 
with the applied voltages V 9 and Vn. 

10 An incoming light beam from the light source 203 with a first optical axis 201 

is deflected one dimensionally in the plane of sidewall electrodes 241, 243 by the flat first 
fluid meniscus 86. The deflected light beam has a second optical axis 90 and is angularly 
related to the first optical axis 201 by a deflection angle 03. The deflected light beam with the 
second optical axis 90 is further deflected by the flat second fluid meniscus 88. The resultant 

15 further deflected light beam has a third optical axis 92 which is angularly related to the 
second optical axis 90 by the deflection angle 04. The sum of deflection angles 03 and 04 
gives the combined deflection angle of the incoming light beam by the variable fluid 
meniscus apparatus. As detailed in previous embodiments, by further applying voltages 
across each endwall electrode 204, 206 and each sidewall electrode 242, 244 (not shown) 

20 respectively, lying perpendicular to sidewall electrodes 241, 243, the flat menisci 86 and 88 
can be controlled to deflect an incoming light beam from the light source 203 in a further 
angular plane perpendicular to that of deflection angles 03, 04 and hence deflect an incoming 
light beam in three dimensions. By swapping applied voltages across sidewall electrode pairs 
with each other a negative value of the deflection angles 03, 04 can be achieved, as described 

25 previously. 

Similarly to previous embodiments, the electrowetting electrodes of this 
embodiment may be rotated about the optical axis 201 either electrically or by using a 
provided rotation mechanism to achieve correct angular positioning of the fluid meniscus. 

In a further envisaged embodiment the two flat fluid menisci 86, 88 are 
30 arranged to lie parallel each other, using only a single set of electrodes spaced about the 
perimeter of the chamber. Such an embodiment may be used in applications including a 
variable prism similar to that shown and described using Figure 9 or a beam shifter. 

Figure 10 shows a side view cross-section of a fluid meniscus configuration 
suitable for refractive light deflection. This embodiment of the present invention enables a 
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greater total deflection angle fa of an incoming light beam of approximately 100° to be 
achieved than for the previous embodiment. 

As for the previous embodiment, elements of this embodiment which are 
similar to those described in relation to Figures 1, 2, 3 and 5 are provided in Figure 10 
incremented by 300, and previous descriptions should be taken to apply here, m this 
embodiment, the pair of sidewall electrodes 341, 343 do not he parallel each other. The same 
applies to the perpendicular pair of sidewall electrodes 342, 344 (not shown). In this 
embodiment, the sidewall electrodes are arranged as a frustrum. 

As according to the similar description of previous embodiments, variation of 
the applied voltages V 12 , Vi 3 across the endwall electrode 312 and the sidewall electrodes 
341 or 343 respectively causes the corresponding fluid contact angles 6 n and d n to vary. 
When the fluid contact angles 6 U and 6 n are of appropriate values a flat fluid meniscus 94 is 
obtained between liquids A and B. As for previous embodiments, an incoming light beam 
with a first optical axis 301 from the light source 303 is deflected one dimensionally by the 
meniscus 94 to a direction with a second optical axis 96. The first and second optical axes are 
related to each other by the deflection angle fa. A negative value of the deflection angle fa 
can be obtained by swapping the applied voltages V, 2 and Vi 3 with each other. Similar three 
dimensional deflection of the light beam as that of previous embodiments can be achieved by 
variation of the applied voltages across sidewall electrodes 342 or 344 (not shown and 
perpendicular to sidewall electrode pair 341 and 343) and the endwall electrode 312. 
Similarly, rotation about the optical axis 301 of the electrowetting electrodes can be achieved 
by a suitable electrical or mechanical rotation function. 

Figure 1 1 shows a simplified side view cross-section of a fluid meniscus 
configuration suitable for a reflective light deflection. In other words the fluid meniscus 
functions as a mirror. A maximum total angle of deflection fa of an incoming beam of light 
is approximately 125°. As for previous embodiments, elements of this embodiment which are 
similar to those described in relation to Figures 1, 2, 3 and 5 are provided in Figure 1 1 
incremented by 400, and previous descriptions should be taken to apply here. In this 
embodiment, the sidewall electrodes 441, 443 and 442, 444 (not shown) have edges which do 
not he parallel each other. It is envisaged as an alternative that fixe sidewall electrodes may 
have edges which do He parallel each other. It is further envisaged that the electrodes whilst 
having edges lying parallel each other, can be arranged in a triangular configuration. In this 
embodiment the sidewall electrodes are formed of a material as of previous descriptions with 
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the exception that the material is transparent. Additionally, the fluid contact layer 410 is 
transparent also. 

In a similar manner to previous embodiments the applied voltages Vu and Vi 5 
are applied across the sidewall electrodes 441 or 443 respectively and the endwall electrode 
5 406. Variation of these applied voltages V14 and V15 results in the corresponding fluid contact 
angles du and 0 15 respectively. With appropriate values of applied voltages Vu and V15 and 
therefore the fluid contact angles du, 0\s the fluid meniscus 98 between liquids A and B is 
flat in shape. An incoming light beam with a first optical axis 401 from a light source 403 
passes through a transparent sidewall electrode (shown as sidewall electrode 441 in Figure 

10 11) and strikes the meniscus 98 at an approach angle ^1 . Alternatively, the incoming light 
beam may pass through a space between adjacent edges of two sidewall electrodes rather 
than through the sidewall electrode itself. The approach angle ^1 is below a critical angle 
value and the incoming light beam is reflectively deflected by the meniscus 98 to follow a 
second optical axis 99. The first optical axis 401 and the second optical axis 99 are related by 

15 the deflection angle <fo. Providing that the approach angle yp\ is below the critical value, the 
deflection angle 4>e can be varied one dimensionally by variation of applied voltages V14, V15 
and therefore fluid contact angles On, 0i 5 .whilst ensuring that the meniscus 98 remains flat. 
Three dimensional reflection of the incoming light beam can be achieved by further applying 
voltages across the endwall electrode 406 and the sidewall electrode 442 or 444 (not shown). 

20 The applied voltages need to be of appropriate values to ensure a flat meniscus. Reflection of 
the incoming light beam in an angular plane perpendicular to that of the deflection angle 
occurs when the second approach angle ^2 (not shown) of the incoming light beam striking 
the meniscus 98 is below a critical angle. Three dimensional deflection of the incoming light 
beam is achieved by a combination of both the deflection angles. As for previous 

25 embodiments the electrowetting electrodes can be rotated by a rotation mechanism about the 
second optical axis 99 to achieve correct angular positioning of the meniscus. 

Figure 12 shows an embodiment of the present invention in a side view cross- 
section suitable for deflection and focusing of light beams. 

This embodiment is similar in various respects to previous embodiments and 

30 elements similar to that described in relation to Figures 1, 2, 3 and 4 are provided in Figure 
12 incremented by 500, and the previous descriptions should be taken to apply here. 

As detailed in previous embodiments, applying a voltage Vi6, Vn across the 
endwall electrode 512, and the sidewall electrode 502a or 502a', respectively the 
corresponding fluid contact angles result, 0i 6 , On. The fluid meniscus 514 between liquids A 



PHNL02 1 1 87EPP 



16 02.12.2002 



15 



20 



25 



30 



and B adopts a spherical or spherocylindrical shape when the sum of the fluid contact angles 
e l6} B„ does not equal 180" With variation of the applied voltages V 16 , V I7 and 
correspondingly therefore the fluid contact angles 6 X6 , ,„ the curvature of the meniscus 514 
and also me tihofme curvature can be varied. An mconnngh^ 
5 axis 501 from the light source 503 is deflected by the meniscus 514 to follow a second 
optical axis 16. The first optical axis 501 and the second optical axis are related by the 
deflection angle The deflection angle * can take a value up to approximately 62.5» when 
the sidewall electrodes 502a, 502a' do not he parallel each other. When the sidewall 
electrodes 502a, 502a' are parallel each other a maximum deflection angle <fr of 
approximately 9° results. Further incoming light beams from the light source 503 having 
parallel optical axes with the first optical axis 501 are deflected by the meniscus by different 
deflection angles at different points on the meniscus 5 14 so as to converge at a focal point 1 8 
Variation of the applied voltages V 16 , V l7 results in one dimensional angular variation of the 
deflection angles of the incoming fight beams and also the position of the focal point 18 in 
the plane of the sidewall electrode pair 502. By swapping the applied voltages V 16 and V 17 
wxth each other, a negative deflection angle of <j» is obtained between the second optical axis 
82 from the first optical axis 101 in the same angular plane. 

Three dimensional deflection of the incoming light beam can be achieved by 
smular variation of applied voltages across the endwall electrode 512 and further pairs of 
sidewall segment electrodes for example those similar to the sidewall segment electrodes 
labelled 2b, 2b' in Figure 4. Variation of the applied voltages results in similar variation of 
the curvature of the meniscus 514 and therefore variation of both the deflection angles and 
the focal point 18 of the fight beams. 

It should be noted that the deflection of light beams in this embodiment is of a 
refractive nature, but that reflective deflection is also envisaged. 

The switching velocity of the variation of the meniscus configuration and 
therefore the deflection properties of the meniscus 514 as a consequence of the variation of 
applied electrode voltages V 16 , V 1V depends on the viscosity of both liquids A and B the size 
of the fluid chamber 5 and the extent of change of the meniscus curvature. 

fix this example, where the diameter of the cylindrical fluid chamber 5 is 2mm 
the switching velocity is in the range of 10ms. The diameter of me cylindrical fluid chamber ' 
5 can be of dimensions ranging from a few centimetres to a few micrometres. 

One application of this embodiment of the present invention is in high 
resolution digital imaging. It is also envisaged that this application can be achieved with the 
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use of the alternative embodiments of the present invention described earlier using Figure 5 
and Figure 8 or 10 in combination with a solid optical lens. Current methods include the use 
of expensive imaging sensors with a greater quantity of pixels to obtain a higher resolution 
image of a target image scene. In a mosaicing method of the present invention, the sensor 
5 operates a plurality of times to capture the high resolution image of the target image scene 
20. With the appropriate incorporation of this embodiment of the present invention in a 
sensor, for example a camera, the target image scene is recorded by division into several 
regions. In this example the image scene 20 is divided into four consecutive regions 22, 24, 
26, 28 according to a mosaicing pattern. A digital image of each region is recorded 

1 0 individually and consecutively by the camera initially zooming in and focusing on each 
region prior to capturing the region image. This zooming in and focusing is achieved by 
variation of the configuration of the fluid meniscus by the variation of applied voltages across 
electrowetting electrodes as detailed in this embodiment. The rapid ability to change the 
curvature of the meniscus and therefore the rapidity of which the camera can differently 

15 zoom in and focus upon a further region of the target image scene enables a more efficient 
and higher resolution overall image to be recorded. To achieve this the individually recorded 
images of the regions of the image scene 22, 24, 26, 28 are positionally mapped relative to 
each other to construct the recorded image of the target image scene in full. In the instance 
that the individually recorded target region images 22, 24, 26, 28 do not correctly align with 

20 each other perfectly, corrective warping techniques can be applied, for example a 

polynominal technique. Aligning and seaming of individual target region images with each 
other can also be achieved using the identification of a feature 30 of the target image scene 
20 within the individual recorded image regions. An example of such a simple seam function 
based on correlation is an averaging filter. For higher quality seaming the use of wavelet or 

25 other multiscale techniques may be used. When the image recording is a moving video the 
estimation of the motion of image scene features can be used to identify similar features of 
the target image scene and thus provide a seaming function. 

As a further envisaged embodiment of the present invention, the use of fluid 
bodies is not limited to the fluids each comprising a liquid. It is possible that one of the fluids 

30 may alternatively comprise a gas. 

Note that in all embodiments of the present invention a voltage can be applied 
across individual segment electrodes, rather than pairs of segment electrodes and the endwall 
electrode. In doing so, independent and different applied voltages may be applied to each of 
the individual segment electrodes resulting in the formation of more complex meniscus lens 
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shapes. This includes flat meniscus shapes, of which both the directional and rotational 
orientation can be controlled electrically. 

Although the fluid A has a higher refractive index than fluid B in the above 
examples, the fluid A may also have a lower refractive index than fluid B. For example, the 
5 fluid A may be a (per)fluorinated oil, which has a lower refractive index than water. In tins 
case the amorphous fluoropolymer layer is preferably not used, because it might dissolve in 
fluorinated oils. An alternative fluid contact layer is e.g. a paraffin coating. 

Another such example involves the alternative refractive light deflection of an 
incoming light beam for a described embodiment where reflective light deflection is 
10 described, and vice versa. 

It is envisaged further that in embodiments of the present invention, further 
light deflection (refractive or reflective) of an incoming light beam is performed by the 
transparent electrodes of the apparatus. Appropriate material selection for the forming of 
these electrodes may depend on the light deflection properties of the material. 
Applications of embodiments of the present invention are relevant to any situation involving 
the deflection of light beams. One such example is in the use of bar code scanners which 
involve reflection of a laser beam on a rotating mirror. The present invention provides 
benefits including the maximising of the intensity of the laser spot focused on the bar code 
being read and hence the sensitivity of the scanner. Additionally the size of the scanner can 
20 be reduced. 

A further application regards a three-dimensional laser scanner incorporating a 
focusable liquid lens. Scanning is performed by moving of the substrate being scanned 
relative to the liquid lens. The present invention would allow more efficient scanning to be 
achieved by variation of the meniscus liquid lens to scan a non-moved substrate. 

A yet further application involves the focusing and aiming of the light beams 
of a vehicle headlamp on a road feature. For example, the headlamps may track a bend in the 
road to provide the driver with a better view of the road. 

Another application is in providing new lighting possibilities for luminaires. 
An array of light beams for example from an LED can be individuaUy deflected (both 
focused and aimed) by the present invention to create a plurality of special lighting effects. 
An alternative application to an array of light beams may involve the deflective fluid menisci 
incorporated in a window being arranged in parallel to provide a visually clear window, but 
on switching the deflective menisci to random or curved configurations the window would • 
diffuse incoming light or only allow light to pass through the window in a certain direction 



25 
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An imaging application of the present invention involves the incorporation of 
the variable fluid meniscus in a 'steady-shot' automatic camera or binocular apparatus. Such 
a device would be able to track and maintain the field of view at a selected part of a scene 
being imaged by means of a controlled variation of the meniscus configuration. This 
5 controlled variation would be influenced by a motion sensor, comprising a set of 

accelerometers, detecting the motion of the camera relative to the image scene. The device 
would only require a single electrically controllable element. In a fibre optic application the 
present invention can be used to switch signals from a first fibre to a second fibre in an array 
of fibres by controlled variation of the meniscus configuration. 

10 The above embodiments are to be understood as illustrative examples of the 

invention. Further embodiments of the invention are envisaged. For example, instead of 
forming a lens, the meniscus shapes produced may be used to produce a shape of a mould 
element for a lens. It is to be understood that any feature described in relation to any one 
embodiment may be used alone, or in combination with other features described, and may 

15 also be used in combination with one or more features of any other of the embodiments, or 
any combination of any other of the embodiments. 

Furthermore, equivalents and modifications not described above may also be 
employed without departing from the scope of the invention, which is defined in the 
accompanying claims. 
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CLAIMS: 



1 m Apparatus for providing a fluid meniscus with variable configurations by 

means of electrowetting, the apparatus comprising: 
a fluid chamber, 

at least two different fluids separated by a meniscus of which the edge, having 
5 different sides, is constrained by the fluid chamber; 

a first electrowetting electrode; 
a second electrowetting electrode, 

the first electrowetting electrode being arranged to act on a first side of the 
meniscus edge and the second electrowetting electrode arranged to act separately on a second 
10 side of the meniscus edge; and 

a voltage control system for providing a different voltage to said first and 
second electrowetting electrodes respectively to form a selected meniscus configuration. 

2. Apparatus according to claim 1, wherein said fluid compartment includes a 
15 fluid contact sidewall arrangement defining a perimeter of the fluid chamber said first and 

second electrowetting electrodes being mutually spaced about said perimeter. 

3. Apparatus according to claim 2, comprising one or more pairs of oppositely 
lying electrowetting electrodes arranged about said perimeter. 

20 

4. Apparatus according to claim 3, comprising two pairs of oppositely lying 
electrowetting electrodes, the pairs being arranged substantially perpendicular to each other 
about said perimeter. 



25 5. Apparatus according to any of claims 2 to 4, wherein the electrowetting 

electrodes are arranged substantially circularly about said perimeter. 



10 
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6. Apparatus according to claims 2 to 5, wherein the width of each electrowetting 
electrode is smaller than the distance between two adjacent electrowetting electrodes, each 
being measured in angular distance about the fluid contact sidewall. 

7. Apparatus according to any of claims 2 to 5, wherein the width of each 
electrowetting electrode is larger than the distance between two adjacent electrowetting 
electrodes, each being measured in angular distance about the fluid contact sidewall. 

8. Apparatus according to any preceding claim, wherein adjacent electrowetting 
electrodes are connected by an electrically resistive material capable of providing a gradually 
varying voltage change across the adjacent electrodes. 

9. Apparatus according to any preceding claim, wherein said voltage control 
system is adapted to be capable of rotating a pattern of voltages about the electrowetting 

15 electrodes 

10. Apparatus according to any preceding claim, comprising a mechanical system 
for physically rotating the electrowetting electrodes about a rotation axis. 

20 1 1 • Apparatus according to any preceding claim, further comprising a radiation 

source for emitting a radiation beam along an optical axis. 

12. Apparatus according to any preceding claim, wherein said voltage control 
system is adapted to be capable of applying voltages across the electrowetting electrodes so 

25 as to provide varying amounts of deflection of an incoming radiation beam by the fluid 

meniscus, the deflection involving a change of alignment of the optical axis of the radiation 
beam. 

13. Apparatus according to claim 12, wherein the apparatus is configured such 
30 that the deflection by the fluid meniscus is of a refractive nature. 



14. Apparatus according to claim 12, wherein the apparatus is configured such 

that the deflection by the fluid meniscus is of a reflective nature. 
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15. Apparatus according to any preceding claim, wherein the apparatus is adapted 
to provide a fluid meniscus configuration in which a first contact angle of the fluid meniscus 
at the first side is less than 90° and a second contact angle of the fluid meniscus at the second 
side is greater than 90°. 

5 

16. Apparatus according to any preceding claim, wherein the apparatus is adapted 
to provide a fluid meniscus configuration in which both a first fluid contact angle of the fluid 
meniscus at the first side and a second contact angle of the fluid meniscus at the second side 
of the fluid contact sidewall are less than 90°. 

10 

17. Apparatus according to any preceding claim, wherein apparatus is adapted to 
provide an anamorphic fluid meniscus configuration. 

18. Apparatus according to any preceding claim, wherein the different fluids 
1 5 within the fluid compartment are of substantially the same density. 

19. Apparatus according to any preceding claim, comprising two or more 
independently controllable fluid menisci. 

20 20. Apparatus comprising an image sensor for the recording of an image scene, a 

variable fluid meniscus and a controller adapted to alter the shape of the meniscus to provide 
at least: 

a first configuration of the variable fluid meniscus, said first configuration for 
directing a first region of the image scene to be recorded towards said sensor; and 
25 a second configuration of the variable fluid meniscus, said second 

configuration for directing a second, different, region of the image scene to be recorded 
towards said sensor. 



30 



21 . Apparatus according to claim 20, wherein the apparatus further includes an 

image processor for construction of a single image of said image scene using at least the first 
and second image scene regions. 
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22. Apparatus according to claim 20 or 21, wherein the apparatus is adapted to 

provide variable fluid meniscus configurations for differently deflecting an incoming beam of 
light. 

5 23. Apparatus according to any of claims 20 to 22, wherein the apparatus further 

includes a motion detector for detecting motion of the apparatus, the controller being adapted 
for controlling the configuration of the variable fluid meniscus in response to the detected 
motion of the apparatus. 
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ABSTRACT: 



Apparatus for providing a fluid meniscus with variable configurations by 
means of electrowetting. A fluid chamber (5) holds two different fluids (A, B) separated by a 
meniscus (14) of which the edge, having different sides, is constrained by the fluid chamber. 
A first electrowetting electrode (2a) is arranged to act on a first side of the meniscus edge and 
5 a second electrowetting electrode (2a') is arranged to act separately on a second side of the 
meniscus edge. Selected meniscus configurations can be formed by providing selected 
voltages to the first and second electrowetting electrodes respectively. 

Fig. 1 
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